phic. Seedling growth in the heterotrophic stage includes all physiological processes before initiation of photosyn- 
mass than seedlings that had fewer tillers and high leaf for multiple tiller populations than single tiller populations 6 wk after elongation rate (Skinner and Nelson, 1994) . Song et al. emergence. Stand counts for all populations exceeded 10 seedlings (1990) reported that tall fescue seedlings with fewer per linear m of row, which is considered an acceptable stand density, tillers produced longer roots than seedlings that had and there were no consistent differences among populations. Populamore tillers when grown in a hydroponic solution with old seedlings, differed in mean seedling tiller number and seedling shoot weight (Smart, 2001 ). After two cycles of selection, single-tiller populations had greater S eedling establishment is a major limitation for inshoot weight than multiple tiller populations or base corporating improved cultivars of native warm-seapopulations (Smart, 2001) . son grasses into a forage system. Lack of successful
The objective of this field study was to evaluate seedestablishment of perennial forage grasses has been atling growth rate, morphological development, and estributed to inadequate surface moisture (Newman and tablishment of big bluestem and switchgrass populations Moser, 1988b), weed competition (McCarty et al., 1967; (Smart, 2001 ) that differed in seedling tiller number and Martin et al., 1982) , excessive planting depth (Carren et weight at 6 to 8 wk after planting. This experiment was al., 1987; Newman and Moser, 1988a) , and low seedling conducted to test the hypothesis that divergent populavigor (Hyder et al., 1971; Berdahl and Barker, 1984) .
tions of big bluestem and switchgrass selected for seedSeedling vigor is a conceptual term and cannot be ling mass and seedling tiller number at 6-to 8-wk of directly measured, but traits associated with seedling age in the greenhouse differ in seedling growth rate, emergence or establishment success can be determined. morphological development, and establishment success Seed size (Kneebone, 1972) , coleoptile length (Berdahl in the field. and Barker, 1984), water uptake (Nason et al., 1987) , and shoot weight (Glewen and Vogel, 1984) Analysis of variance was performed on all variables within populations had gone through three cycles of selection for high seedling fresh shoot weight at 4 wk of age (Sebolai, 1989) . a common sampling date using PROC GLM (SAS, 1999) , and mean differences were considered statistically significant at The single and multiple tiller populations were developed by two additional cycles of divergent selection for seedling tiller the ␣ ϭ 0.05 level. Shoot weight, root weight, MSCS, MSCR, and stand counts were analyzed separately by experiment number while selecting for high shoot weight (Smart, 2001) .
Isolated breeding populations of the base, single tiller Cycle because planting dates and sampling dates were not the same for each experiment. Residuals were analyzed using PROC 1, multiple tiller Cycle 1, single tiller Cycle 2, and multiple tiller Cycle 2 populations of big bluestem and switchgrass were UNIVARIATE (SAS, 1999) to verify that the assumptions of analysis of variance were not violated. Sources of variation established in 1996 and 1997 at the Agricultural Research Development Center near Mead, NE (Smart, 2001 ). This was were blocks, species, population, and species ϫ population interaction. Repeated measures analyses were conducted on done so that seed of all entries was produced in the same year. Populations were kept weed free by rototilling and a shoot weight, root weight, MSCS, and MSCR. Because the trends across time followed an exponential growth model, single postemergence application of atrazine [6-chloro-Nethyl-NЈ-(1-methylethyl)-1,3,5-triazine-2,4-diamine] at 2.24 kg analyzing the natural logs of these variables linearized the model. The analyses were computed using PROC MIXED a.i. ha Ϫ1 .
Seed was bulk harvested from each population for big blue-(SAS, 1999) with a compound symmetry model that adequately accounted for error correlation during the four samstem and switchgrass in late September 1998 and 1999. Seed was cleaned and processed before use in field experiments.
pling dates. Big bluestem seed for Exp. I and II was from the production years of 1998 and 1999, respectively, because there was insuffi-
RESULTS AND DISCUSSION
cient 1998 seed to be used in Exp. II. Switchgrass seed used for both experiments was from the production year of 1998,
Climatological Summary
because 1999 seed was not available.
The experimental design was a randomized complete block
In Exp. I, rainfall was evenly distributed in May, but with five replications in Exp. I (1999) and six replications in the first week of June was relatively dry ( lection for high shoot weight did not improve seedling tall fescue seedlings. The tall fescue seedlings were specific genotypes differing in tiller number, while the seedvigor in the field.
Root weight was not significantly different among lings compared in this study were from populations differing in seedling tiller number; thus differences would populations at any sampling date in Exp. I or Exp. II (Table 3) . These results differed from Skinner and Nelnot be expected to be as great as for two contrasting genotypes. Nearly all of the variation in root growth son (1994), who reported less root mass in high tillering was a result of the species effect across all sampling
Morphological Development
dates in both years (Table 3) . Big bluestem populations of Shoots and Roots were similar in root growth rates as measured by log ϫ Differences in MSCS were mostly between species at root weight across the four sampling dates in 1999 and the first three sampling dates with very little variation 2000 (Table 2 ). In 1999, SMT population had a lower accounted for by differences among the populations and growth rate than switchgrass base or SST populations, by species and population interactions in Exp. I and but were similar in 2000 (Table 2 ). Big bluestem seedExp. II (Table 4) . Rates of shoot morphological devellings had greater root weight than switchgrass seedlings, opment as measured by log ϫ MSCS across the four which was similar to findings by O'Brien (2000) and sampling dates were similar for all populations within Watson (1997) , and may be a reason why big bluestem each species in 1999 and 2000 (data not shown). At the stand counts were higher than switchgrass. Lack of diffourth sampling date, multiple tiller Cycle 2 populations ference among populations in root weight suggests that had a higher MSCS than the single tiller Cycle 2 populaselection for seedling tiller number and high seedling tions for both grasses. Also at the fourth sampling date, shoot weight in the greenhouse did not alter root MSCS averaged across the selected populations was not growth. Selection for aboveground traits, such as seeddifferent than the average of the base populations. The ling tiller number and shoot weight, may not improve difference in MSCS of the selected populations was to establishment in the field because root growth, espebe expected because seedling tiller number was the secially of adventitious roots, is critical for seedling surlection criteria of these divergent populations (Smart, vival (Hyder et al., 1971; Newman and Moser, 1988a, 1988b; Ries and Svejcar, 1991) .
2001) and increased tiller number ranks seedlings higher in the staging system. Selection for morphological develgood stands according to these standards (Table 6 ). opment in these populations occurred 6 to 8 wk after Early emergence, represented by the first stand count, planting in the greenhouse, which may explain why biowas greater (P Ͻ 0.01) for the average of BST and SST logically important differences in MSCS did not appear populations than for the average of BMT and SMT until the fourth sampling date, which was 6 to 8 wk populations in Exp. I, but was the opposite in Exp. II. after emergence.
This inconsistency could be attributed to several factors, The main difference in MSCR was between species.
such as seedlot, planting date, soil temperature, and Population or the species ϫ population interaction efdaylength differences between the experiments. The fects were small or nonsignificant (Table 5) , and rates of stand count for the average of the base populations was root morphological development as measured by log ϫ less (P Ͻ 0.01) than for the average of the selected MSCR within each species were not different between populations in Exp. I, but not significantly different in populations (data not shown). Given the general lack Exp. II. The number of big bluestem seedlings that of significance in root morphological development beemerged by the first count averaged less (P Ͻ 0.01) tween the selected populations and the base populathan switchgrass seedlings in Exp. I; however, it was the tions, divergent selection for seedling tiller number opposite in Exp. II. Seedling survival, represented by while selecting for high seedling shoot weight did not the last stand count, was greater (P Ͻ 0.01) for the alter root development.
average of BST and SST populations than for the average of BMT and SMT populations in Exp. I, but the
Seedling Density
opposite was true in Exp. II. The difference between the first stand count and the last stand count are repreGrass stands of 10 to 20 seedlings m Ϫ2 in the year sented by seedling mortality. Big bluestem seedlings had of establishment are adequate to produce productive greater (P Ͻ 0.01) survival than switchgrass seedlings swards in following years (Vogel and Masters, 2001) . With the high seeding rates used, all plots produced as indicated by the differences in seedling numbers be- tween the first and last count and may be related to the length, and shoot weight, has had limited success on improving establishment. Breeding efforts for increasfact that big bluestem seedlings had greater root weight and MSCR than switchgrass seedlings (Tables 3, 5) .
ing seedling vigor in warm-season grasses should focus on direct selection of root traits that have been shown There was a greater mortality (P Ͻ 0.05) between the average of the base populations and the average of the to be more important in seedling establishment than shoot traits. selected populations in Exp. I than in Exp. II. Also, seedling mortality was greater (P Ͻ 0.01) for the average REFERENCES of BST and SST populations than for BMT and SMT populations in Exp. I, but was opposite in Exp. II. This 
